Research examining the long-term effects of drugs such as Adderall™, a mixed DL-amphetamine, as a first-line treatment strategy for those diagnosed with attention deficit hyperactivity disorder (ADHD), is very much lacking. In order to address this, the present study sought to examine possible behavioral and neuroanatomical effects of chronic oral exposure to DL-amphetamine administered at a relatively low dose to the developing male Sprague Dawley rat. Animals were administered a mixture of chocolate drink and DL-amphetamine at a dose of 1.6 mg/kg for 36 days, beginning at PD 24 and ending at PD 60. Anxiety, a potential side effect of stimulant treatment, was assessed using three paradigms: The open field test (OF), the social interaction test (SI), and the elevated plus maze (EPM). The OF and SI were conducted using repeated testing over the course of five weeks. Testing occurred immediately after drug administration on a given day. The EPM was used only once on the penultimate day of treatment, before the drug was administered. Following drug treatment on PD 60, brain-to-body weight ratios were obtained. Results indicated that there were no group differences in brain-to-body weight ratios nor were differences in locomotor and social behaviors observed. However, rats treated with DL-amphetamine did show an anxiogenic response in the EPM. This was represented as a significant reduction in open arm entries. Overall our findings suggest that while chronic drug treatment fails to alter multiple measures of behavior, or reliable changes in brain volume, such treatment may impact a behavioral index of anxiety. Future research should seek to examine the implications of this heightened anxiogenic response in animals treated chronically with oral, low-dose DL-amphetamine.
Introduction
Adderall, a psychostimulant consisting of a mixture of dextroamphetamine and levoamphetamine, is considered the first line treatment strategy in response to a diagnosis of attention deficit hyperactivity disorder (ADHD) [1] . Psychostimulants, including DL-amphetamine and methylphenidate, are the most frequently prescribed psychiatric drugs within pediatric populations in the United States [2] [3] . ADHD is a pervasive behavioral disorder beginning in childhood, characterized by increased levels of inattention, hyperactivity, and impulsivity [4] . Worldwide, 5% -12% of children are estimated to suffer from ADHD [5] [6] , and estimates in North America range from 11% to 16% [7] - [9] . As of 2005, one in 20 to 25 North American children were prescribed some form of psychostimulant for the treatment of ADHD [10] . DL-amphetamine acts similarly to many drugs of abuse by competing with dopamine for a common binding site, the dopamine transporter (DAT), thereby allowing dopamine to accumulate in the synapse and extracellular space [11] . There is a distinct lack of research regarding possible effects of chronic exposure to DL-amphetamine during development. As ADHD is developmentally pervasive, and subsequent long-term maintenance treatment with psychostimulants is expected, research into the long-term behavioral and neuroanatomical effects of chronic DL-amphetamine is clearly necessary.
Most stimulant trials have been conducted using designs featuring acute administration to laboratory animals or adults in order to collect data regarding safety, dosing, and early efficacy [12] . Therefore, although DL-amphetamine administration may begin as young as Age 4, its effects on the developing brain are poorly understood [13] . The processes of overproduction of synaptic connections, pruning, and competitive elimination are especially active in the human brain between Ages 5 and 15 [14] - [16] , a time at which ADHD treatment is prevalent. Common side effects of Adderall include nervousness and social withdrawal and the drug has been found to produce more severe adverse effects in comparison to methylphenidate, including negative affect and anxiety [17] [18] . Side effects that lend to its high abuse potential include pleasurable affect, elation, and euphoria [19] [20] .
Acute, high doses of amphetamine and methamphetamine both produce neurotoxicity to dopaminergic neurons innervating the caudate putamen in rodents [21] [22] . However, only high acute doses have evidenced any neurotoxic effects in these animals [23] . In contrast, one study demonstrated significant reductions in striatal dopamine concentration and DAT density in adult baboons and squirrel monkeys after only four weeks of clinically relevant levels of mixed amphetamine administered twice daily [24] . Few studies, however, have thus far examined chronic, oral exposure to amphetamine at levels mimicking those that a human might receive throughout the developmental process. Therefore, in order to study the possibility of behavioral or neuroanatomical effects resulting from long-term, low-dose, oral treatment using DL-amphetamine at a course analogous to what may be expected for a child diagnosed with ADHD, the present study began administration at PD 24, at which time the rat brain is developmentally comparable to that of a seven-year-old human, and continued until PD 60, when brain markers demonstrate a parallel with human young adulthood around Age 21 [25] . Anxiety behaviors, as common side effects of amphetamine medication, were measured throughout development. Finally, in order to assess for neural developmental deficits, brain volume was measured on PD 60.
Materials and Methods

Animals
Male Sprague Dawley rats (n = 15) were housed in polypropylene cages, with free access to food and water. Animals were maintained in a temperature-controlled room (22˚C) and on a 12:12 hour light/dark cycle (lights off at 14:00). Rats were weaned at postnatal day (PD) 23, at which time they were housed 3 -4 per cage. Body weights were measured weekly. All experiments were conducted in accordance with the Institutional Animals Care and Use Committee guidelines of Reed College.
Drug and Administration Procedure
DL-amphetamine hydrochloride (Sigma) was administered in a palatable liquid chocolate diet (Kellogg's Special K breakfast shake containing, per 296 ml, carbohydrate (18 g), fat (5 g), protein (10 g) and fibre (5 g)). Rats were trained to ingest the diet orally through a needleless syringe between PD 18 and PD 23. They typically learned to do so within one day, and ingested the mixture within 30 seconds. At PD 24, the 8 rats in the treat-ment group began drug administration at 1.6 mg/kg/ml. This protocol has been used successfully in previous literature [26] [27] . Administration continued daily for 36 days, until PD 60. Control animals (n = 7) received the liquid chocolate vehicle alone.
Experimental Design
Three experimental paradigms were employed and behaviors were digitally recorded. The effects of chronic DL-amphetamine on behavior in the open field and social interaction paradigms were investigated once per week over five weeks. Rats were tested in the EPM only once, on the day prior to the last day of drug administration. Measurements were carried out as described below. Animals were handled and habituated to the test room for one week prior to the beginning of testing. On each day of testing, rats were brought to the experimentation room at the beginning of the dark cycle and drug treatment was administered. Behavioral testing began within 45 minutes of drug administration. Each test apparatus was cleaned between subjects.
Social Interaction (SI)
Animals were paired with a novel partner who maintained a body weight within 15 grams of the subject's body weight, thereby minimizing dominance effects. The same partner was used for every subject within a given session. Testing was conducted in a polypropylene cage physically identical to the ones in which subjects were housed. Behavior was observed for 5 minutes using continuous focal sampling in order to quantify the amount of time spent engaging in social interaction. Relevant social interaction was defined as behavior initiated by the subject, such as grooming, sniffing, or following the partner [28] .
Open Field (OF)
The apparatus was constructed of an 80 × 80 cm chamber, with walls 30 cm in height. The floor of the apparatus was divided into 16 square segments each 20 × 20 cm in size. The centre of the apparatus was divided further into one square area of 20 × 20 cm. This centre region was further subdivided into 4 equal centre squares. Animals were placed onto the centre segment of the apparatus. Behavior was measured using continuous focal sampling. Exploratory behavior was measured for 5 minutes. Dependent variables included time spent in the specific regions of the apparatus (centre or peripheral), frequency of rearing behaviors, and the number of lines crossed [29] .
Elevated Plus Maze (EPM)
The EPM (MED Associates), a four arm apparatus standing 50 cm from the ground, consisted of two closed arms, surrounded by walls projecting 40 cm from the maze's floor, and two unwalled open arms, exposed to the external environment. A 10 × 10 cm central square connected the four arms, forming the shape of a plus. A digital camera was mounted over the maze in order to record the movement of the rat using video tracking software (Version 1.14, MED Associates). Rats were placed within the central area of the EPM and open and closed arm exploratory behaviors were digitally recorded for 5 minutes as described previously [30] . Animals were tested on PD 59.
Brain Volume
On PD 60, all animals were euthanized via CO 2 inhalation and then decapitated. Brains were extracted and immediately weighed in order to obtain brain-to-body weight ratios.
Statistical Analyses
Two-way (drug × time) analysis of variance (ANOVA) and independent t-tests were used in order to analyze differences in behavioral measures and in brain volumes between treatment and control conditions. All analyses were conducted using STATISTICA (StatSoft).
Results
The SI test quantified the amount of time each test subject spent engaged with a novel conspecific rat. While social interaction was generally higher in the first two weeks of testing (F(2,4) = 188.48, p < 0.0001), possibly re-
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flecting enhanced activity and curiosity at this stage of development, a two-way (drug × time) ANOVA, with repeated measures on the latter variable, did not reveal any significant group differences across weeks (F(4,52) = 0.60, p > 0.05) (See Figure 1) . Similarly, ANOVA did not indicate reliable differences between drug and vehicle-treated animals in OF testing. No differences in exploratory behavior were observed using ratios of the time spent in the centre versus time spent in the periphery of the apparatus (F(4,52) = 1.14, p > 0.05; Figure 2 ). Group differences were also not found in rearing behavior (F(4,52) = 0.82, p > 0.05; Figure 3 ) or in the number of lines crossed (F(4,52) = 1.03, p > 0.05; Figure 4) . In contrast, we did observe group differences in the EPM paradigm. Rats treated with DL-amphetamine exhibited an increased avoidance of the open arms compared to Figure 1 . Effect of DL-amphetamine administration on social interaction behavior measured over five weeks. Values represent mean ± S.E.M. While SI scores were higher in both groups during the first two weeks of treatment, no drug effect, or interaction, was observed. vehicle control. This was reflected in a reduced number of open arm entries (t (13) = 2.33, p = 0.04; Figure 5) . Finally, there were no groups differences in brain-to-body weight ratios, t (13) = 1.44, p > 0.05; Figure 6 ).
Discussion
Few studies to date have examined the effect of long-term psychostimulant exposure in developing animal models. In the present study we investigated the impact of chronic DL-amphetamine administration in young male Sprague Dawley rats. In open field and social interaction testing, as well as measurements of brain-to-body weight ratios, we observed no reliable differences between treatment and control conditions. This suggests a lack of effect of drug treatment on exploratory and social behaviors and also indicates that chronic low dose exposure may not elicit changes in overall brain volume. However, when examined in the EPM, rats treated daily with DL-amphetamine did exhibit significantly fewer entries into the open arms, consistent with the induction of anxiogenic behavior. Our observed increase in anxiogenesis is in fact consistent with previous work suggesting that such treatment may evoke negative affect and anxiety in humans [17] [18] [31] . However, given that we tested rats in the EPM prior to drug treatment on PD 59, one could argue that the observed impact on EPM behavior might be attributed, at least in part, to drug withdrawal and/or reduced drug availability. In order to rule out this possibility, rats would need to be tested in the EPM immediately after drug administration. If, under such conditions, animals continued to show reduced EPM open arm exploration, such a hypothesis would be called into question.
The lack of statistical differences in brain-to-body weight ratios suggest that widespread neuroanatomical alterations may not result from chronic treatment with low-dose DL-amphetamine. However, due to potential species differences in pharmacokinetic and pharmacodynamics properties of central nervous system (CNS) stimulants, caution in interpretation may be warranted [23] . As described above, 30% -50% decreases in striatal dopamine concentrations and DAT density in baboons and squirrel monkeys have been observed following four weeks of oral, low-dose mixed amphetamine treatment [24] . Similarly, Melega et al. [32] found that two injections of 2 mg/kg of amphetamine to vervet monkeys resulted in an almost 90% decrease in caudate nucleus dopamine concentrations. While daily administration of 2.5 mg/kg amphetamine fails to produce such an effect in the caudate putamen of rats, higher doses may effectively reduce levels of the catecholamine [33] and, moreover, the dose effect may differ in acute drug administration paradigms [34] [35] .
In humans, stimulant treatment has been observed to elicit decreases in body weight. For example, Swanson et al. [36] have reported a decrease in weight by 2.7 kg in children. However, in our experiment we did not detect alterations in rat body weights after chronic low dose drug exposure. Further, while we did not observe any changes in overall brain volume, we cannot argue against potential differences within specific brain regions or synapses. In fact recent work has demonstrated that ventral tegmental area neuronal activity correlates with the animal's behavioral response to chronic methylphenidate treatment [37] , a brain region implicated in drug reward and reinforcement [38] [39]. Whether or not chronic low dose DL-amphetamine treatment also leads to specific changes in limbic structures controlling emotional behavior remains to be determined. Such changes might very well underlie the increase in anxiogenic behavior observed here.
Conclusion
In the present report we investigated the behavioral and neuroanatomical impact of chronic oral exposure to a low dose of DL-amphetamine administered to adolescent male Sprague Dawley rats. While we observed no group differences in brain-to-body weight ratios or differences in locomotor or social behaviors, rats treated with DL-amphetamine did exhibit anxiogenic behavior when tested in the EPM. Future research should be directed at examining the implications of this heightened anxiogenic response in animals treated chronically with oral, low-dose DL-amphetamine.
